Non-leptonic B decays into charmless final states offer an important laboratory to study CP violation and the dynamics of strong interactions. Particularly interesting are B 0 s → K − K + and B 0 d → π − π + decays, which are related by the Uspin symmetry of strong interactions, and allow for the extraction of CP-violating phases and tests of the Standard Model. The theoretical precision is limited by U -spin-breaking corrections and innovative methods are needed in view of the impressive future experimental precision expected in the era of Belle II and the LHCb upgrade. We have recently proposed a novel method to determine the B 0 s -B 0 s mixing phase φ s from the B 0
Introduction
CP-violating asymmetries of B mesons are powerful probes in the search for physics beyond the Standard Model (SM) of particle physics. New sources of CP violation might be revealed when comparing the experimental observables determined from different decays with the corresponding SM expectations. Since CP asymmetries are generated through interference effects, non-leptonic decays govern this territory of the B physics landscape. As new heavy particles may well enter the loop contributions (see, for instance, Ref. [1] ), decays with penguin topologies are particularly interesting. In order to fully exploit the physics potential of these channels in the era of Belle II [2] and the LHCb upgrade [3] , an unprecedented precision of the corresponding SM predictions is essential to match experiment.
The decay B 0 s → K − K + is dominated by QCD penguin topologies and is hence a particularly promising probe to search for footprints of New Physics (NP) through studies of CP violation. However, the corresponding hadronic parameters suffer from significant theoretical uncertainties through non-perturbative effects. Fortunately, this decay is related to B 0 d → π − π + through the U -spin flavour symmetry of the strong interaction, which relates -in analogy to the well-known isospin symmetry -the d and s quarks to each other. Applying the U -spin symmetry, the hadronic parameters characterizing the B [4] [5] [6] . First measurements of this U -spin method have been performed by the LHCb Collaboration, yielding results for γ and φ s in agreement with the SM and uncertainties at the 7
• level [7, 8] . The theoretical precision of this strategy, which is limited by non-factorizable Uspin-breaking corrections, is unfortunately not sufficient to fully exploit the future measurements of CP violation in the B 0
s → K − K + system at Belle II and the LHCb upgrade. In view of this situation, we have proposed a new method which is very robust with respect to theoretical uncertainties. It uses γ, which can eventually be determined with O(1 • ) precision through pure tree decays, as input and allows the determination of φ s with a theoretical precision of up to 0.5
• at Belle II and the LHCb upgrade [9] . As the main new ingredient, it uses the B s → K − + ν decays. Following these lines, the application of the U -spin symmetry can be limited to theoretically well behaved quantities and valuable tests of the U -spin symmetry can be obtained. As we pointed out in Ref. [9] , the current experimental picture is very promising.
In the present paper, we explore the technical details of this new strategy and the attainable precision of φ s in a more comprehensive way. The leading U -spin-breaking corrections enter through a ratio of colour-allowed tree amplitudes, which are well-behaved with respect to factorization and can be analysed within QCD factorization. The major limiting uncertainties enter through certain penguin topologies as well as exchange and penguin-annihilation topologies. The latter are expected to play a minor role in the B 0 d → π − π + and B 0 s → K − K + system on the basis of dynamical arguments [10] [11] [12] . Here we present a detailed analysis to constrain these contributions through experimental data, where B 0
+ modes play the key role as they emerge exclusively from exchange and penguin-annihilation topologies. In order to determine the relevant penguin contributions, the B 0 s,d → K 0K 0 system will be in the spotlight. We will give a roadmap for exploiting the physics information offered by these U -spin- 
u, c, t W In Section 3, we discuss the original U -spin strategy and its prospects for the LHCb upgrade. The new strategy is presented in Section 4, exploring also the picture arising from the current data. In Sections 5 and 6, we explore the dynamics of penguin topologies and exchange, penguin-annihilation topologies, respectively. In the latter section, we discuss also the expected pattern of the CP asymmetries in the B 0
s → π − π + decays and various future scenarios. The prospects of our new strategy are discussed in Section 7, and our main conclusions are summarized in Section 8. Throughout this paper we shall assume that all decay amplitudes are described by their SM expressions.
Decay Amplitudes and CP Asymmetries 2.1 Topologies
The non-leptonic decay B 0 d → π − π + , characterized by ab →ūud transition, is governed by the decay topologies depicted in Fig. 1 . The decay amplitude is dominated by contributions from the tree (T ) and penguin (P ) topologies, but also receives contributions from exchange (E) and penguin-annihilation (P A) topologies. In the SM, we have [4] A (B 0
and C ≡ λ 3 AR b T + E + P (ut) + P A (ut) (2)
T + E + P (ut) + P A (ut)
with P (qt) ≡ P (q) − P (t) , P A (qt) ≡ P A (q) − P A (t) .
Both C and de iθ are CP-conserving hadronic parameters, while γ provides a CP-violating phase. On the other hand,
measures one side of the UT, with λ and A denoting the Wolfenstein parameters of the CKM matrix [13, 14] . For the numerical value, we have used the following results [15] : 
The decay B 0 s → K − K + originates from ab →ūus transition and is related to the B 0 d → π − π + channel through the U -spin symmetry [4] [5] [6] . In the SM, the B 0
transition amplitude can be written in the following form:
where C and d e iθ are the primed equivalents of Eqs. (2) and (3), respectively. The decay topologies are given in Fig. 1 . The suppression of the overall amplitude and the enhancement of the penguin parameters d e iθ is given by ≡ λ 2 1 − λ 2 = 0.0535 ± 0.0002 .
The U -spin symmetry [4] implies
which is only sensitive to non-factorizable U -spin-breaking corrections because the factorizable contributions cancel in these ratios of amplitudes. Contrary, the U -spin relation
is affected by both factorizable and non-factorizable U -spin-breaking effects.
CP Asymmetries
Thanks to quantum-mechanical oscillations between B 
where ∆M q ≡ M (q)
H denote the mass and decay width differences between the "heavy" and "light" B q mass eigenstates, respectively.
For the B 0 s → K − K + channel, we obtain the following expressions [4] :
A ∆Γ (B s → K − K + ) = − d 2 cos φ s + 2 d cos θ cos(φ s + γ) + 2 cos(φ s + 2γ)
These observables are not independent from one another, satisfying the general relation
The CP-violating asymmetries for the B 0 d → π − π + channel can be straightforwardly obtained through the following replacements: 
where β is the usual angle of the UT and φ s is a doubly Cabibbo-suppressed phase in the SM. The fits of the UT allow us to calculate the SM value of φ s with high precision [15, 17] : 
The phases φ 
Untagged Decay Rates
Branching ratios contain information from the untagged decay rates [18] . In experiments, the branching ratio is typically defined by using the time-integrated untagged rate, while theoretical expressions require the untagged decay rate at time t = 0 [19] . For the B s meson system there is -in contrast to the B d -meson system -a sizeable difference between the decay widths of the mass eigenstates [20] :
2Γ s = 0.0625 ± 0.0045.
Consequently, the experimental branching ratio needs to be converted into the theoretical branching ratio by means of the following expression [19] :
For decays into a flavour-specific final state, such as B 0 s → K − π + , only the [1 − y 2 s ] factor contributes in (20) . Using the effective lifetime
of the B s decay at hand, the conversion between the experimental and theoretical branching ratios can be obtained with the help of the relation
which does not explicitly depend on the A f ∆Γ observable [19] . For the conversion of the experimental B 0 s → K − K + branching ratio into its theoretical counterpart, we use the measurement of the LHCb Collaboration [21] τ K + K − = [1.407 ± 0.016 (stat) ± 0.007 (syst)] ps, (23) which leads to a difference between the experimental and theoretical branching ratios of about 7%.
It is useful to introduce the following quantity [5, 6] :
where
is the usual phase-space function. The factorizable U -spin-breaking contributions to the ratio |C/C | are given as follows: 
where we have used the QCD light-cone sum rule (LCSR) calculation F −0.09 [22] , which is in agreement with previous results in [23] , and f K /f π = 1.1928 ± 0.0026 [24] . The form factors for theB
with q ≡ p − k; theB 
Current [20, 30] where we have neglected non-factorizable U -spin-breaking corrections to the ratio |C/C |.
We shall return to this quantity in Section 7. Using the U -spin relations in Eq. (9), we may also write
which is in agreement with Eq. (28) , but has a much larger error due to the currently large uncertainties of the B 0 s → K − K + CP asymmetries.
The Original Strategy
Before discussing the new method, it is instructive to have a closer look at the original strategy [4] [5] [6] , where γ and φ s can be extracted from the B [7] , the LHCb collaboration has reported the following results [8] : γ = (63.5
+7.2 −6.7 )
• , φ s = −(6.9
which are in agreement with the picture of the previous analyses in Refs. [4] [5] [6] .
The UT Angle γ
The UT angle γ can be determined in a theoretically clean way from pure tree decays of the kind B → D ( * ) K ( * ) [25, 26] (for an overview, see [27] ). The averages of the corresponding experimental results performed by the CKMfitter [28] and UTfit [29] 
respectively. The results in (31) are in remarkable agreement with the γ measurement in (30) , and it is interesting to note that the current uncertainties of both determinations are at the same level. In the future era of Belle II and the LHCb upgrade, the uncertainty of the γ determination from pure B → D ( * ) K ( * ) tree decays can be reduced to the 1
• level, which is very impressive [2, 3] .
The current values of the CP asymmetries [20, 30] are listed in Table 1 . Let us now explore the prospects of the U -spin strategy. Contrary to the pure tree determination of γ, the B the level of 7
• , there is not any sign of CP-violating NP effects of this kind in the data and an effort has to be made to achieve a much higher precision.
Let us use the mixing phases φ d = 43.2 ± 1.8 [31] , as determined from B − π + and the branching ratio information encoded in the K observable given in Eq. (24) . We illustrate this feature in Fig. 2 , where we have used the value of K in Eq. (28) 1 , containing the factorizable form-factor contributions to the ratio |C/C | given in Eq. (26) . We have neglected any non-factorizable contributions to |C/C |, and have assumed the U -spin relations in Eq. (9) . In Fig. 2 , we show also the 1σ contour from a χ 2 fit to the current data. We obtain the following results:
+0.08
−0.09 , θ = (147
where γ is in agreement with Eq. (30) .
As we can see from the fit, the determination of γ in Eq. (32) is essentially fully driven by the CP asymmetries of B 
which is in very good agreement with the results in Eq. (32) . This now allows us to determine the CP asymmetries of B Table 1 .
In view of the expected much more precise measurements of the CP asymmetries of B 0 s → K − K + at the LHCb upgrade there is great potential in this strategy. In fact, the K observable can then be avoided and γ can be extracted using only the CP asymmetries of B 0
, thereby resulting in a much more favourable situation [4] [5] [6] . In Fig. 3 , we compare the contours from the B • , as given in Table 1 . In this scenario, we use the expected uncertainties given in [3] , and we use the U -spin relations in Eq. (9) combined with Eqs. (12) and (13) • 2 . However, U -spin-breaking corrections limit the precision of γ. In order to illustrate these effects, we parametrize them as
and consider U -spin breaking effects of 20%, i.e. ξ = 1.0 ± 0.2 and ∆ = (0 ± 20)
• . This leads to γ = (70
• , which is comparable to the current situation described above. The impact of U -spin-breaking contributions was also studied in Ref. [32] , where the U -spin method was combined with the B → ππ isospin analysis [33] to reduce U -spin breaking effects. In Ref. [8] , it was found that the corresponding results agree with Ref. [4] for corrections of up to 50%, while the B → ππ system stabilizes the situation for even larger corrections. We shall discuss U -spin-breaking effects in more detail below, showing that such anomalously large effects are not supported by the experimental data. The phase φ s can be determined from B 0 s → J/ψφ and decays with similar dynamics, which are dominated by tree topologies [34, 35] . The theoretical precision is limited by penguin contributions (see Ref. [31] and references therein). The current average from the Particle Data Group (PDG) [30] reads
The B
which is in agreement with the LHCb result in Eq. (30) . In the future, we may extract φ s from CP-violating effects in B 0 s → J/ψφ and penguin control channels with a precision as high as O(0.5
• ) [31] . The B 0 s -B 0 s mixing phase can also be extracted from B 0 s → K − K + decays. The corresponding CP asymmetries allow us to determine the "effective mixing phase"
where the hadronic phase shift ∆φ KK takes the following form [31, 36, 37] :
Let us now use γ = (70 ± 1)
as an input. Using also Table 1 , we then find for the LHCb upgrade scenario
which would match the expected precision for φ s from B 0 s → J/ψφ and related decays. However, in order to extract φ s from this phase, we need the hadronic phase shift ∆φ KK . It can be calculated by applying the U -spin symmetry to d and θ extracted from the B 0 d → π − π + CP asymmetries. Assuming U -spin-breaking corrections of 20% as before, i.e. ξ = 1.0 ± 0.2 and ∆ = 0 ± 20
• , yields
leading to φ s = −(2.1 ± 2.6)
• . Consequently, we cannot match the precision of φ s from B 0 s → J/ψφ and related decays due to the U -spin-breaking corrections and cannot fully exploit the experimental precision at the LHCb upgrade. To this end, an innovative method is needed, which we describe in the next section.
The New Strategy
In order to take full advantage of the huge amount of data to be collected at Belle II and the LHCb upgrade, we proposed a new strategy for the B 0
system. It uses γ as an input and makes minimal use of the U -spin symmetry, allowing the extraction of the B 0 s -B 0 s mixing phase φ s with a future theoretical precision as high as O(0.5
• ) [9] . Moreover, valuable insights into U -spin-breaking effects can be obtained. The new key elements are the differential rates of the semileptonic decays B 
+ decay rates; the corresponding information is encoded in observables R K and R π , respectively. The flow chart of this strategy is shown in Fig. 4 . 
Semileptonic Decay Rates
For the upgrade scenario, we assume a determination of γ = (70 ± 1)
• from the pure tree decays [3] . In addition, we use φ d = (43.2 ± 0.6)
• [31] , as well as the CP asymmetries given for the upgrade in Table 1 . These inputs allow a determination of d and θ from the B 0 d → π − π + CP asymmetries [4] . We find
where the precision for these non-perturbative parameters is remarkable. Additional information is encoded in the branching ratios, as we have seen in Eq. (24) . However, the observable K is affected by the U -spin-breaking form-factor ratio, as well as non-factorizable effects. It is more advantageous to consider ratios of non-leptonic decay rates with respect to differential rates of semileptonic modes, as was done for an extensive analysis of B → DD decays in Ref. [37] . These ratios also provide a well-known test for the factorisation of hadronic matrix elements of non-leptonic decays [38] [39] [40] [41] [42] [43] [44] [45] .
For our transitions at hand, we define
f π denotes the charged pion decay constant, V ud is the corresponding CKM matrix element, and
Decay
Branching ratio [49] were used to calculate new averages according to the PDG method [30] .
The form factors were defined in Eq. (27) , and satisfy the relation
due to kinematic constraints which are also implemented in lattice QCD calculations [46, 47] . We assume F
e. a negligible deviation from this result for the small momentum transfer q 2 = m 2 π . The non-factorizable contributions are parameterized by the following quantity:
The non-factorizable contributions to the colour-allowed tree topology T are characterized by the deviation of a T NF from one. This parameter can be described within the QCD factorization framework [42, 43] . The current state-of-the-art calculation [44] , including two-loop (NNLO) QCD effects, yields a T NF = 1.000 +0.029 −0.069 + (0.011
The colour-allowed tree amplitude is theoretically very favourable with respect to the factorization of hadronic matrix elements, which is also reflected by the sophisticated analysis devoted to the parameter in (49) . On the other hand, penguin topologies are much more challenging and are affected by non-factorizable effects and long-distance contributions, such as those attributed to "charming penguins" [48] . The branching ratio of the B 0 Table 2 . The differential decay rate at low q 2 unfortunately suffers from sizable experimental uncertainties. We may estimate the required partial branching fraction of the semileptonic rate by averaging the low q 2 measurements of the BaBar and Belle collaborations [30, 50, 51] . We find dBR/dq 2 ∼ (6 ± 1)GeV −2 . A more sophisticated analysis of this quantity lies outside the scope of this paper. However, we note that our estimate is in agreement with the analyses in, e.g., Refs. [52] and [53] , where this rate is used to extract the CKM matrix element |V ub |. Finally, we obtain
which corresponds to a relative error of 17%. We advocate to extract this ratio directly from the experimental Belle (II) and LHCb data.
, we may extract r π in Eq. (44) . Combining this parameter with R π and the experimental value for [24] |V ud |f π = (127.13 ± 0.02 ± 0.13)MeV (51) gives |a NF | = 0.73 ± 0.06 .
Concerning B 0 s → K − K + , we introduce in analogy to R π the following ratio:
f K denotes the charged kaon decay constant, and V us is the corresponding CKM matrix element.
Determination of ∆φ KK
In order to determine the hadronic parameters d and θ of the B 0 s → K − K + decay, we use the following expression:
As we have seen above, r π can be determined from the CP asymmetries in B 0 d → π − π + , and the only unknown quantity in the game is the following parameter [9] :
It can be determined with the help of the U -spin symmetry. We will show below that ξ a NF has actually a structure which is very favourable with respect to U -spin-breaking corrections. We may then determine r K , which we may combine with the direct CP asymmetry of the B 0 s → K − K + decay to extract its hadronic parameters d and θ :
Here we have defined
Finally, we may calculate the hadronic phase shift ∆φ KK using Eq. (39), which yields tan ∆φ KK = 2 sin γ d cos θ + cos γ r K − 1 + cos 2γ . 
has not yet been measured. We advocate analyses of this channel at Belle (II) and LHCb, preferably by a direct measurement of the double ratio R π /R K . Here only the double ratio of the form factors enters through X π /X K , which strongly reduces the sensitivity to small deviations from (46) for the momentum transfers q 2 = m 2 π and m 2 K , thereby yielding a double ratio of form factors equal to one with excellent precision. In addition, the ratio |V us |f K /|V ud |f π = 0.27599±0.00037 can be determined with tiny uncertainties from experimental data [24] . It is interesting to note that R K does not depend on the ratio of the B 0 s,d fragmentation functions f s /f d , which is the major limiting factor for measurements of B 0 s branching ratios [54] .
We illustrate the future experimental precision for ∆φ KK that can eventually be achieved with our new strategy for a perfect theoretical situation in Fig. 5 . There we show the sensitivity as a function of the relative precision of R K , while assuming measurements of R π in the upgrade era with relative precisions of 5% and 10%. Getting to the precision of 0.5
• for ∆φ KK requires a determination of R K and R π with a relative error of 5%. In Fig. 6 , we show the experimental error budget of ∆φ KK , considering a relative error of 5% for R K and R π .
Interestingly, for values of γ around 70
• , the dependence of ∆φ KK on γ is essentially negligible. This can be understood as tan ∆φ KK in Eq. (60) is then given by
Consequently, if we used φ s as an input for our strategy and were aiming to determine γ, we would have a small sensitivity for this angle. It is hence much more advantageous to use γ as input and determine φ s . The theoretical precision of the new strategy is limited by the U -spin-breaking corrections affecting ξ a NF in Eq. (57) . The structure of ξ a NF , which depends on Figure 6 : Experimental error budget for ∆φ KK . Here we have assumed a relative precision of 5% for R K and R π and a perfect theoretical situation.
and the ratio of the non-factorizable, colour-allowed tree-level contributions, is very favourable in this respect. As both r P and x are small parameters, the ratios entering Eq. (57) are very robust concerning U -spin-breaking corrections. We will come back to this feature in Subections 6.4 and 6.5 after we have explored the implications of the current data for r P and x.
Corrections to the U -spin relation a T NF = a T NF for the non-factorizable contributions to the colour-allowed tree amplitudes can be quantified within the framework of QCD factorization [44] . So far only the B 0 d → π − π + decay has been analyzed, with the result in Eq. (49) . Following Ref. [9] , we write
Using Eq. (49), we estimate ∆ T NF ∼ 0.05. Allowing for U -spin-breaking corrections of 20% for the non-factorizable contributions gives a tiny correction of O(1%) to the ratio in Eq. (65). Even larger U -spin-breaking corrections would not have a significant impact on this picture. It would be interesting to extend the QCD factorization analysis of the colour-allowed tree amplitude to the B 0 s → K − K + decay. The advantage of our new strategy concerning U -spin-breaking effects in comparison with the original method can be clearly seen by rewriting the parameter ξ in Eq. (35) as
Here the leading U -spin-breaking corrections are associated with penguin topologies, which are challenging, with issues such as "charming" penguins [48] . Therefore, the uncertainty of ξ a NF is significantly smaller than that of ξ.
Picture from Current Data
Since the differential semileptonic B 
+ decay topologies only differ at the spectator-quark level. The transition amplitude can be written as follows [4, 5] :
Using Eq. (7) and the SU (3) relation
givesd
parametrize the exchange and penguin-annihilation topologies. Neglecting these topologies gives ζ = 1, leading to a direct relation between the hadronic parameters of B 0
We discuss the parameter ζ further in Section 6. Nonfactorizable contributions to the SU (3) relation in Eq. (69) are expected to be small as the tree and penguin topologies differ only at the spectator-quark level.
In analogy to R K , we introducẽ
wherer
The non-factorizable contributions are parametrized bỹ
In analogy to Eq. (56), we can now writẽ
where now only a single |1 + x| term occurs, which vanishes if the E and P A topologies are neglected. Interestingly, the semileptonic decay rates cancel in the ratioR K /R π up to small corrections due to the difference in the corresponding kinematical points.
The direct CP asymmetry of B 0 d → π − K + has been measured as follows [20] :
• and φ d = (43.2 ± 1.8)
• as input, we find
Neglecting the E and P A topologies and applying the U -spin symmetry forξ a NF , we obtainr K . Combined with the direct CP asymmetry for B 0
Moreover, we can also determine the results
which are fully consistent with the U -spin symmetry. In particular, the anomalously large U -spin-breaking corrections of (50-100)% considered in Ref. [8] are strongly disfavoured. Finally, we determine the hadronic phase shift as follows:
Already this precision for the current data is impressive and shows the exciting prospects for the method. Using the current data for the B 0 s → K − K + CP asymmetries, which yield φ eff s = −(17.6 ± 7.9)
• , we obtain
where the uncertainty is dominated by the experimental data. This value is in excellent agreement with the result in Eq. (30) , although obtained with a completely different method. As we have neglected the exchange and penguin-annihilation contributions, this agreement indicates that these topologies are actually playing a minor role.
News from LHCb
The LHCb collaboration has recently reported new preliminary measurements of the CP-violating observables of the B 0 [55] . We have summarized these results in Table 3 . Comparing to the experimental data for the CP asymmetries in Table 1 , which includes also our scenario for the LHCb upgrade, we find good agreement for the B Table 3 and the direct CP asymmetry of B 0
(78). As we discussed in the previous section, these decays differ only through their spectator quarks. Since the underlying quark-level transitions are the same, NP effects cannot be responsible for this difference. As exchange and penguin-annihilation topologies contribute to the B 0 In combination with the CP asymmetries, the LHCb collaboration has also reported a new preliminary measurement of the observable A [55] , which we give in Table 3 . An important check for the internal consistency of the data is provided by the sum rule in Eq. (15) , which is a general feature of the different observables and cannot be violated through NP effects. For the preliminary LHCb data, we find the following result:
which differs from zero at the 1.7 σ level. We have illustrated this situation in Fig. 7 , where we indicate the CP asymmetries of B 0 Table 1 and the preliminary new results listed in Table 3 through grey and red data points, respectively. Moreover, we add a red circular band corresponding to Eq. (84), which clearly shows the inconsistency of the data. In Fig. 7 
Insights into Penguin Dynamics
The size of the parameters r P and x introduced in Eq. (48) has to be quantified in order to analyze the theoretical precision of our strategy in more detail. In this section, we discuss the penguin topologies contributing to r P . Specifically, we write
where the penguin ratio ρ P is defined as
and
Completely analogous expressions hold for 1 + r P . The parameter ζ was already introduced in Eq. (70), and ζ ( ) is expected to be close to one as the exchange and penguin-annihilation topologies are expected to be small. We shall return to this quantity in Section 6. Let us first focus on the parameter ρ P , which is governed by the interplay of the QCD penguin topologies with internal up, charm and top quarks [56] . This quantity can be studied with the pure penguin decays B
The various decay topologies and their specific use in our new strategy are summarized in Table 5 . In Subsection 5.3, we shall also discuss the B 0 [57] , which has only tree and penguin contributions and can hence also be used to study U -spin-breaking effects in the corresponding decay topologies.
B
are related by the U -spin symmetry and receive only contributions from penguin and penguin annihilation topologies [58, 59] . Consequently, they offer an excellent laboratory to study penguin contributions.
As can be seen in Fig. 8 , the penguin topologies of B
+ only through the quark pair that is generated by the gluon. Consequently, the B 0 d,s → K 0 K 0 system offers the most suitable probes for ρ P and subsequently r P . We shall neglect tiny contributions from colour-suppressed electroweak penguins.
The corresponding decay amplitudes can be written as [60] A(B
with
and analogous expressions for C KK and d KK e iθ KK . In contrast to ρ P , the parameter d KK e iθ KK also receives contributions from P A topologies. However, these topologies are suppressed in comparison with the leading penguin contributions and can therefore be neglected. Since the decays B
are related to one another by the SU (3) flavour symmetry, the extraction of d 
with analogous "primed" expressions for the CP asymmetries of B 0 [61] and Belle collaborations [62] . We list them in Table 4 , together with their PDG average [30] . The experimental situation is not conclusive and will hopefully be settled with future data.
If shedding light on the issue of the "charming penguins" and into U -spin-breaking effects in these penguin parameters. As form factors cancel, those effects are genuinely related to non-factorizable effects. Using the SU (3) flavour symmetry to relate the hadronic parameters of the B 0
modes allows the determination of both ρ P and ρ P .
Since there is currently no measurement of the CP asymmetries in B 0 s → K 0 K 0 , we consider the following ratio of branching ratios:
where the phase-space function Φ was introduced in Eq. (25) . The various measurements of the B 0 d → K 0 K 0 branching ratio are consistent with one another, and the PDG average [30] reads
The Belle collaboration has recently announced the observation of the B 0 s → K 0 K 0 channel [63] , resulting in the branching ratio
Using the factorization approximation, we obtain
where we have used LCSR results for the corresponding form factors [23] . Using the information for the branching ratios then gives
where we show the individual contributions of the various quantities to the error budget. If we apply the U -spin relation
the observable H KK and the CP asymmetries of the B d → K 0 K 0 channel allow the extraction of γ and the hadronic parameters [58] ; further information can be obtained through the measurement of CP violation in B 0 s → K 0 K 0 . However, due to the large current uncertainties for both the CP asymmetries of B 0 d → K 0 K 0 and the observable H KK only very weak constraints can be obtained.
decays offer an interesting alternative. These modes were previously studied in Ref. [5] . Let us update this analysis using the current data. The decays
are characterized byb →ssd andb →dds transitions, respectively, and related to each other by the U -spin symmetry. The
by applying the SU (3) flavour symmetry at the spectator-quark level, thereby allowing us to determine ρ P .
The corresponding decay amplitudes can be written in the following form [5] :
and in analogy
The CP asymmetry is defined by
while the expression for the direct CP asymmetry of B + → K + K 0 can be obtained straightforwardly by making the following replacements:
The experimental averages for the direct CP asymmetry are given by HFAG [20] as
while the branching ratios are listed in Table 2 . We note that both CP asymmetries have switched signs with respect to their values in 2007 [5] . As before, we introduce
where we used the following result arising within factorization [23] :
Combining the CP asymmetries of
, and assuming the U -spin relation
we find the constraints for ρ KK and σ KK shown in Fig. 9 , which were obtained through a χ 2 -minimalization fit where also γ = (70 ± 7)
• was added as a constraint. The best fit result favours interestingly a smaller value of γ = 60
• , which is caused by the small value of H πK . This feature has already been noted in Ref. [5] . Assuming Gaussian distributions, we obtain from the fit
These values are in agreement with the estimates in Ref. [56] and the general hierarchy of decay topologies discussed in Refs. [10, 11] . We will discuss the implications for |1+r P | and Ξ P in Subsection 6.5. Using the strong isospin symmetry to relate the up spectator quark in
We shall assume these relations, which we expect to hold with excellent precision, for the remainder of this section. Using Eq. (107), we may calculate the CP-violating observables of the B
where the errors are dominated by the uncertainty of ρ KK . These values are in agreement with the current experimental measurements given in Table 4 , although the experimental uncertainties are unfortunately too large to draw any conclusions. Improved CP violation measurements in B 
+ receive only contributions from tree and penguin topologies and are related to each other through the U -spin symmetry [5, 57] . We have already encountered the B 
whereC andde iθ are defined in analogy to Eq. (68). As the final states are flavour-specific, only direct CP violation can occur. The expressions for the direct CP asymmetry can be obtained by making suitable replacements in Eq. (12) . The current direct CP asymmetries as given by the PDG are [30] :
In parentheses, we give a future scenario for the Belle II and LHCb upgrade era [2, 3] . For the current data, the CP asymmetries combined with the U -spin relatioñ
give the constraints for (d,θ) shown in Fig. 10 . They are obtained using a χ 2 fit with γ = (70 ± 7)
• added as a constraint. We find
For the upgrade scenario in Eq. (111) with γ = (70 ± 1)
• , the fit gives
These determinations agree with the picture arising from CP violation in B 
showing an impressive accuracy for the picture assumed in the era of Belle II and the LHCb upgrade. Let us now utilize again the information provided by semileptonic decays. In order to complement the ratioR K defined in Eq. (72), we introducẽ
which requires the measurement of the semileptonic differential rate of the decay B 0 s → K − + ν , which we require also for our key observable R K . In analogy to our new strategy, we may determine the parametersd,θ andd ,θ , which allow an interesting test of the U -spin symmetry in the dominant tree and penguin topologies.
Lacking at the moment a measurement of B 0 s → K − + ν , we might also consider the ratio of branching ratios, as we discussed for the B 0
where we used the factorization approximation to obtain
The ratio of form factors
−0.09 follows from an LCSR calculation [22] , and f K /f π = 1.1928 ± 0.0026 [24] . It is interesting to note that the form factors and decay constants enter Eq. (119) in such a way that they almost cancel.
The uncertainty of Eq. (118) is dominated by the form factors. If we assume a perfect determination of |C/C | = 1, we findK = 65.1 ± 7.3. Combining the ratioK with γ = (70 ± 7)
• gives an additional constraint on (d,θ), which we have added to Fig. 10 . There, the wide band and central value follow from Eq. (118), while the small band corresponds to the situation for |C/C | = 1. We find good agreement with the constraints following from the measurements of direct CP violation in the B 
+ CP asymmetries and ratioK. The black contour gives the constraints from a χ 2 fit to the CP asymmetries and γ = (70 ± 7)
• . ForK, we consider |C/C | in factorization (wide band) and |C/C | = 1 (small band).
Insights into Exchange and Penguin Annihilation Dynamics
The exchange and penguin annihilation contributions enter our new strategy through the parameter ξ a NF . Consequently, we need information about these topologies to assess the theoretical precision. Specifically, we study the parameters x (see Eq. (48)) and ζ (see Eq. (87)) and their U -spin partners, which enter Ξ x and Ξ P , respectively. Fortunately, we may use experimental data to determine the size of these contributions and do not have to rely on model-dependent assumptions. In Table 5 , we give an overview of the relevant B → hh decays (h = π, K) and the topologies that are used to obtain insights into the different contributions to our strategy.
s → π − π + modes emerge only from exchange and penguinannihilation topologies. Consequently, this allows us to explore these contributions in a direct way. Unfortunately, the current experimental data is not yet sufficient to make full use of the potential of these decays although important constraints can already be obtained, with excellent future prospects. In view of this situation, we discuss also alternative indirect determinations of the exchange and penguin-annihilation topologies in Subsections 6.2 and 6.3. In Subsection 6.4, we return to the B Decay C Topologies Specific use:
Non-factorizable effects in T and P B 0
Alternative determination of ρ P Table 5 : Compilation of various B → hh channels (h = π, K) with their decay topologies and their use in the context of our strategy.
Direct Determination from
s → π − π + receive only contributions from exchange and penguin annihilation topologies. Their amplitudes are given by
(120)
The parametersĈ andd are given by analogous expressions. The CP asymmetries can be obtained from Eq. (12) by replacing d(θ) →d(θ) and equivalently d (θ ) →d (θ ). Since these CP asymmetries have not yet been measured, we explore the currently available information by considerinĝ
where we have used the scaling factor [12]
with f Bs /f B d = 1.192 ± 0.006 [24] . Since there is no effective lifetime measurement for B 0 s → π − π + available, we used the experimental branching ratio for simplicity. A more sophisticated analysis can be performed by using the expression of in terms of the hadronic parameters to convert the experimental into the theoretical branching ratio, applying the formulae given in Subsection 2.3.
Assuming the U -spin relationd
giveŝ
(126) In analogy to the K observable for the B 0
is not a clean observable because it depends on |Ĉ/Ĉ |. This ratio is sensitive to both factorizable and non-factorizable U -spin-breaking corrections. Fig. 11 shows the relation betweend andθ with 1σ error bands for the current data. As the penguin-annihilation topologies are loop suppressed while the exchange contributions arise at the tree level, we obtain the following naive -but plausibleupper bound:d
which we have included as a constraint in Fig. 11 . Measurements of the CP-violating observables of these channels will allow a clean determination of the hadronic parameterŝ d andθ. In order to explore their expected ranges, we employ the correlation between d andθ in Fig. 11 to calculate a correlation between the direct and mixing-induced CP asymmetries. To this end, we use γ = (70±7)
• as determined from experiment. We obtain a surprisingly constrained situation, as shown in Fig. 12 . The general relation between the CP asymmetries in Eq. (15) implies
Interestingly, we find CP asymmetries of the B 0 d → K − K + channel that are scattered pretty close to this relation. 123), we may extract the amplitude ratio |Ĉ/Ĉ |. These studies will allow us to explore U -spin-breaking effects in exchange and penguin annihilation topologies and will offer valuable further insights into the dynamics of these contributions.
Indirect Determinations of x
The direct determination of the exchange and penguin-annihilation topologies from the decays B Table 6 :
where Φ is the phase-space function in Eq. (25) . Although the theoretical interpretation of these quantities is affected by U -spin-breaking corrections, we have plenty of data available, allowing us to constrain the parameter x. For this analysis, also the penguin parameters (d, θ) and their counterparts are required. Future data will allow us to probe x through the Ξ i ratios. In Subsections 6.4 and 6.5, we will discuss the optimal strategy for a future determination of Ξ x and Ξ P , respectively.
Definition
Input Factor
| vsθ Figs. 13(a) and 14
Figs. 15 and 16 Table 6 : Definitions of the ratios of B → hh branching ratios and the parameters that they constrain in the current situation. At the moment, the Ξ i ratios constrain r P A . In the future, when independent information on the penguin parameters will be available, these ratios can be used to determine x as well, as indicated by the asterix.
Let us first consider the ratio
Defining
where we have used the decay constants to estimate the non-factorizable topologies [12] , yields Ĉ
Consequently, we write
where the numerical value refers to the experimental branching ratios in Table 2 . Using d and θ as determined from the CP-violating observables of the B 0 d → π − π + channel and d as a function ofθ, as described by Eq. (126) and shown in Fig. 11 , we may determine |x|/|1 + x| as a function ofθ. The corresponding constraints are shown in Fig. 13(a) .
Let us next consider the ratio
with We estimate ρ by considering the ratio of the relevant colour-allowed tree amplitudes in factorization, i.e.
= 0.85
where we have again used
−0.09 from LCSR calculations [22] , which agrees with the analysis of Ref. [23] . Finally, we use the unprimed equivalent of Eq. (70), which leads to
for ζ ∼ 1. From the current experimental data, we extract
which yields |1 + x| = 1.12
The large uncertainty comes from the form factors, and actually makes this ratio less powerful. However, we can nevertheless use it to constrain the phase of x introduced in Eq. (48), as shown in Fig. 14 . Finally, we consider
with Ĉ
Using the branching ratios in Table 2 gives If we used andθ as determined in Subsection 5.3 andd from Eq. (126), we may calculate |x| as a function ofθ, as shown in Fig. 13(b) . The bound on |x| varies between 0.03 and 0.18, which is consistent with the determination shown in Fig. 13(a) . For obtaining a complete picture, we have added the constraints from Fig. 13 to Fig. 14 . Lacking information about the phaseθ, we have conservatively used the upper bound atθ = 0
• and the lower bound atθ = 180
• from Fig. 13 , since the values of |x|/|1 + x| and |x| are largest and smallest there, respectively.
Unfortunately, the phase σ is only poorly constrained. More interesting is the current constraint of |x| < 0.2 from Ξ 3 . Combining all constraints gives
We further discuss this parameter and its implications for the ratio Ξ x in Subsection 6.4.
Indirect Information on r P A
At the moment, only the ratios Ξ i defined in Table 6 can be used to study r P A . We may simplify the following discussion by assuming that the quantity , which enters the Ξ i , is small in comparison with the penguin parameters. Let us first consider
where we have ignored terms of O( ). We parametrize the penguin-annihilation amplitudes through 
where we have used an approximation similar to Eq. (131). Note that in this approximation η = 1/η. We find
which leads to a contour in the complex plane of
as shown in Fig. 15 . In addition, we can consider
where we have neglected the penguin contribution d KK from B 0 s → K 0 K 0 since it is suppressed by . Using the experimental branching ratio for B 0
The constraint from this ratio is in perfect agreement with that obtained from Ξ 1 , as illustrated in Fig. 15 . This shows once again the importance of B 0 s → K 0 K 0 and the potential of future measurements of this decay. Next, we consider the ratio
where ρ is the equivalent of ρ defined in Eq. (136). Making the same approximations for ρ as for ρ, we find ρ = 1/ρ = 1.18 Neglecting again O( ) terms gives
Using the experimental branching ratios in Table 2 , we obtain
which leads to |1 + r P A | = 1.01
We write r P A ≡ |r P A |e θ P A and give the constraints from Ξ 2 in Fig. 16 . In analogy to Ξ 2 , we observe that the constraint for |1 + r P A | suffers from large uncertainties due to the required form-factor information. Consequently, the ratios Ξ 2 and Ξ 2 are at the moment only useful to constrain the phases of x and r P A , respectively. Information on their actual magnitude is more stringently constrained by the ratios Ξ ( ) 1 and Ξ ( ) 3 . Finally, we have the ratio
where we neglect once again terms of O( ). Defining
and making the approximationρ ≈ ρ gives
yielding |r P A | = 0.23
In Fig. 16 , we show the contour fixed through this ratio in the complex plane. We have also added the constraint from Ξ 1 to Fig. 16 , and conclude that the current data favour slightly the regions around θ P A = ±100
• , while the constraint for |r P A | is governed by the Ξ 3 ratio. 
Determination of Ξ x
The previous studies allow us to determine Ξ x defined in Eq. (63) with the help of current data. The ratios Ξ 1 , Ξ 2 and Ξ 3 provide information on |x| and its phase σ. Independent information on x is currently not available, but can be obtained from future measurements of CP violation in B 0 s → π − π + . We consider
where ξ x is an SU (3)-breaking parameter defined through x = x(1 − ξ x ). An important advantage of our strategy is that the exchange and penguin-annihilation topologies only contribute through the ratio Ξ x . Since x is a small quantity, Ξ x is very robust with respect to U -spin-breaking effects. This feature is illustrated in Fig. 17 , which shows the ratio Ξ x as a function ofθ for different U -spin-breaking effects. Allowing for 20% U -spin-breaking only gives an uncertainty of O(4%) for Ξ x . However, especially aroundθ = 180
• , which is actually the expected region, the effect can be much smaller. Future determinations of the CP asymmetries in the B 0
s → π − π + system can pinpoint these effects further, as illustrated in Fig. 18 .
, while the semileptonic ratiosR K andR K would allow an independent determination ofd ,θ . Finally, |x ( ) | can be determined using Ξ ( ) 3 andd ( ) , θ ( ) . This would give a clean determination of both |x| and |x | independently, allowing a direct determination of Ξ x , without any U -spin assumptions. We further illustrate the use of the B 0
s → π − π + CP asymmetries by discussing six possible future scenarios, given in Table 7 . The specific scenarios are also indicated in Fig. 19 , and we assume the same relative uncertainties as those of the current measurements of the B • and φ d = (43.2 ± 0.6) • as before. This gives two solutions, where we discard the one which leads to anomalously large U -spin-breaking effects. The results are collected in Table 7 . For scenarios 1, 2 and 4, the analytic expression is used to obtain the uncertainty. However, for scenarios 3, 5 and 6, the 1σ ranges are obtained from a χ 2 fit to take into account the correlated erros (see Fig. 20 ). The different values that were obtained are also indicated in Fig. 11 . In addition, the parametersd andθ are determined from the CP asymmetries of the B 0 s → π − π + channel, using the central value of the current PDG average φ s = −(0.68 ± 0.5)
• with an error expected for the era of Belle II and the LHCb upgrade.
Some of the obtained parameters (d,θ) in Table 7 have large uncertainties. In particular scenarios 5 and 6 fall into this category as the mixing-induced CP asymmetries are close to 1. Since the CP asymmetries in B 
Determination of Ξ P
It is instructive to write the ratio Ξ P introduced in Eq. (63) as Ξ P = 1 + r P 1 + r P = 1 + r P ξ r + O(r
where ξ r is an U -spin-breaking parameter defined through r P = r P (1 − ξ r ) .
As in Eq. (85), we may write r P as a function of (d, θ) and ζ:
where ζ ≡ |ζ|e iω ≡ 1 + x 1 + r P A ;
an analogous expression holds for 1 + r P .
In our new strategy, we eventually determine d and θ from the data, while d and θ are fixed through the CP asymmetries of the B 0 d → π − π + decay. Starting with Ξ P = 1, as in the strict U -spin limit, we may include these effects in an iterative way.
The parameter ζ can be determined from our previous analysis. Taking |1 + x| = 1.1 ± 0.1 from Eq. 
which is only affected by SU (3)-breaking effects at the spectator-quark level (see Eq. (69)). We use now Eq. (170) to write r P = ρ Pd e i(θ P +θ) 1 − ρ Pd e i(θ P +θ)
and |1 + r P | = 1 1 − ρ Pd e i(θ P +θ)
.
Applying the results for the penguin ratio ρ P in Eq. (107), and using (d,θ) from Eq. (113), we find |r P | = 0.22 ± 0.07
and |1 + r P | = 0.79 ± 0.07 ,
where the uncertainties are dominated by those of ρ P and θ P . Using the numerical range in (173) and ξ r = 0.2, i.e. assuming U -spin-breaking effects of 20%, the favourable structure of the Ξ P ratio in Eq. (165) reduces these uncertainties to the 5% level. On the left-hand side, the strategy to determine ρ P and ρ P is illustrated, while we show on the right hand side the strategy to improve ζ and ζ using the semileptonic decay ratios.
Let us now explore how we may reduce the uncertainty of Ξ P further through sophisticated analyses provided by future experimental data. We aim at an independent precise determination of r P and its primed counterpart r P , whose uncertainties are dominated by (ρ P , θ P ). In Subection 5.3, we discussed the achievable precision for the B have the potential to reduce the uncertainty for Ξ P significantly below the 4% level. In addition, the input (d,θ) and their primed analogues can be independently determined via the semileptonic ratiosR K andR K through the strategy illustrated in Fig. 21 . Using Eq. (170), we may determine ζ and ζ , providing additional information into U -spin-breaking effects in exchange and penguin-annihilation topologies. In order to illustrate the future precision of this method, we consider (d, θ) and (d,θ) for the upgrade scenario as given in Eqs. (42) and (114), respectively, which leads to an impressive precision of |ζ| = 0.93 ± 0.05 and ω = (4.0 ± 1.3)
• as given in Eq. (116).
Prospects of the New Strategy
The precision for φ s achievable with the new strategy depends on experimental and theoretical uncertainties. Experimentally, the precision with which the semileptonic ratios R K and R π can be determined dominate the uncertainty. In Subsection 4.2, we showed that a relative precision for R K and R π at the 5% level allows an impressive 0.5
• uncertainty for ∆φ KK . With the information obtained in the previous sections, we can now quantify the theoretical error for ξ a NF . This uncertainty arises from U -spin-breaking effects in the ratios Ξ x and Ξ P . Fortunately, these ratios are very robust with respect to these effects and can be obtained from experimental data.
For the current data, we obtain an uncertainty of 5% for Ξ P , which can be further reduced with more precise data for the B . The last source of uncertainty is related to the non-factorizable U -spin-breaking effects in the ratio of the colour-allowed tree topologies, which are theoretically well-behaved and give an error at the 1% level (see 4.2). Finally, adding up the individual errors in quadrature we find a precision of about 7% for ξ a NF . Fig. 23 gives the precision of ∆φ KK as a function of the relative error of ξ a NF , assuming a perfect experimental situation. We observe that a 7% precision for ξ a NF gives a theoretical uncertainty at the 0.8
• level for ∆φ KK . Recalling that φ s = φ eff s − ∆φ KK and that a precision of 0.5
• for φ eff s can be reached in the upgrade era (Eq. (40)), we aim for a similar theoretical precision for ∆φ KK , which is indicated by the dashed line in Fig. 23 . Such a precision requires an O(4%) determination of ξ a NF , which is within reach in the upgrade era. Combining now the experimental and theoretical uncertanties, assuming a relative precision of 5% for the relevant parameters R π , R K and ξ a NF , results in an impressive uncertainty of 0.8
• for ∆φ KK . The error budget of ∆φ KK in this scenario is given in Fig. 24 . This allows a determination of φ s with a similar precision, which is a major improvement with respect to the current situation in Eq. (30) .
Interestingly, our new method allows also the determination of the hadronic parameters d and θ . Assuming that R K , R π and ξ a NF can be determined with 5% uncertainty, we find d = 0.58 ± 0.04 , θ = (151.4 ± 3.5)
• ,
showing a very impressive precision and providing valuable insights into the U -spin symmetry. In particular, we may now determine the U -spin-breaking parameters ξ and ∆ in Eq. (35) . For the upgrade scenario, ξ can be extracted with an uncertainty at the 0.07 level. In addition, our method offers a test of QCD factorization in the B 
which agrees with the QCD factorization calculation in Eq. (49) at the 1 σ level. A key element in the new strategy are the semileptonic differential rates and the corresponding R π and R K ratios. Since the B 0 s → K − + ν decay has not yet been measured, it is interesting to come back to the ratio K and the use of form-factor calculations as input. In this case, the ratios R π and R K are no longer required and we can write r K = r π K,
where K is given in Eq. (24) . The only difference with respect to our new strategy is that we have now to rely on theoretical input for the form-factor ratio F BsK (m Let us consider the LHCb upgrade scenario, assuming ξ a NF = 1.00 ± 0.05. In Fig. 25 , we show the precision of ∆φ KK as a function of the relative uncertainty of the form-factor ratio in comparison with relative precision of R K /R π using the new strategy. We observe that a good precision can be reached using the ratio K, provided it is possible to calculate form-factor ratio with a precision at the 5% level. However, it will be challenging to go beyond the precision of our new strategy, even if the experimental ratio R K /R π would only be known with 15% precision. Consequently, the new strategy, which does not rely on non-perturbative input for the form factors, is most powerful for extracting φ s .
We may actually use our new strategy to determine F BsK (m 
For the current data, using Eqs. (79) and (113) and γ = (70 ± 7)
• , we find
where we assumed d =d and θ =θ, neglecting tiny exchange and penguin-annihilation topologies. Using ξ a NF = 1.00 ± 0.07 gives 
which is in interesting agreement with the LCSR calculation. For the LHCb upgrade scenario, we expect that the precision for the ratio of form factors can be reduced to the 0.06 level.
Conclusions
The U -spin relation between the B 0 d → π − π + and B 0 s → K − K + decays has originally been proposed to extract the UT angle γ and the mixing phase φ s [4] [5] [6] . The current experimental picture is already impressive, in agreement with the SM and uncertainties at the 7
• level. The theoretical precision is limited by U -spin-breaking corrections, which do not allow us -unless there is significant progress to calculate them -to take full advantage of the data to be collected in the era of Belle II and the LHCb upgrade.
In view of this situation, we proposed a new strategy to fully exploit the physics potential of the non-leptonic B 0 s → K − K + and B 0 d → π − π + decays to extract φ s [9] . The strategy utilizes the U -spin relation between these two decays for theoretically well − K + decay rates R π and R K , respectively. In fact, only the double ratio R π /R K enters our strategy, which is an advantage from the experimental point of view as uncertainties cancel. A theoretical advantage is that the form factors now enter only in a double ratio, which is equal to 1 with excellent precision. In our new strategy, nonfactorizable U -spin-breaking corrections to the notoriously difficult to calculate penguin, exchange and penguin-annihilation topologies only contribute through the ratios Ξ P and Ξ x . As we have shown, these quantities are very robust with respect to U -spin-breaking effects. On the other hand, the original strategy is limited by leading non-factorizable U -spin-breaking effects that emerge from penguin topologies.
The CP-violating observables of B 0 s → K − K + allow us to determine the "effective" B 0 s -B 0 s mixing phase φ eff s , which is a pure experimental quantity. In order to extract the mixing phase φ s from φ eff s , we have to subtract the hadronic phase shift ∆φ KK , which depends on non-perturbative quantities. In the upgrade era, φ eff s can be measured with an uncertainty at the 0.5
• level. Consequently, our goal is to match this very impressive experimental precision by theory, determining ∆φ KK with similar uncertainty.
Unfortunately, the B 0 s → K − + ν decay, a key input for our new strategy, has not yet been measured. We strongly advocate analyses of this channel at Belle (II) and LHCb, preferably extracting R K or the ratio R π /R K directly from the experimental data. In order to illustrate the strength of our new method, we use data for B 0 d → π − K + . This decay is related to B 0 s → K − K + by a U -spin relation at the spectator quark level if the small contributions from exchange and penguin annihilation topologies are neglected. We find a precision for ∆φ KK of 0.6
• , which shows impressively the power of our strategy. Moreover, we obtain excellent agreement with the picture of the U -spin symmetry, excluding anomalously large corrections.
The determination of ∆φ KK is affected by experimental and theoretical uncertainties. For a perfect theoretical situation, measurements of R π and R K with 5% precision are required to obtain a 0.5
• precision for ∆φ KK . The theoretical precision is limited by Uspin-breaking corrections to quantities which have very favourable structures. In order to fully exploit the precision of our strategy, we need information both for the penguin ratio r P and for the exchange and penguin-annihilation parameter x.
The penguin parameter r P can be studied with the help of the pure penguin decays B 0 d → K 0 K 0 and B 0 s → K 0 K 0 , which offer an interesting laboratory for the upgrade era. Since the current data for these modes are limited, we have also used the charged decays B + → K + K 0 and B + → π + K 0 to constrain the size of r P . In summary, using these decays, we find an uncertainty for the relevant ratio Ξ p at the 5% level. We have presented a strategy to further reduce this uncertainty, as illustrated in Fig. 21 .
Future measurements of the CP asymmetries of B 0 d → K − K + and B 0 s → π − π + allow us to determine the exchange and penguin-annihilation contributions with high precision. We have discussed the correlation between these CP asymmetries following from the current data, resulting in an interesting picture for the future data taking, and presented scenarios of future measurements and their use to pin down the exchange and penguinannihilation contributions even further. For the current data, we use ratios of different B → hh (h = π, K) decays and find a contribution of x ∼ 0.1, which results in a theoretical uncertainty of O(4%) for the exchange and penguin-annihilation ratio Ξ x .
Combining the different sources of theoretical uncertainty, we find a theoretical precision of ∆φ KK at the 0.8
• level. We have discussed different strategies to reduce this uncertainty further with future experimental data, and have illustrated them with various scenarios, showing that a future ultimate precision at the 0.5
• level is within reach. Consequently, the new strategy has the potential to extract φ s from CP violation in B 0 s → K − K + with a theoretical precision matching experiment. The key question is whether the corresponding value will eventually show a discrepancy with respect to the clean SM prediction φ 
